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Chaperone proteina new role for HIV nucleocapsid protein (NC) in modulating the speciﬁcity of plus
strand priming. RNase H cleavage by reverse transcriptase (RT) during minus strand synthesis gives rise to
RNA fragments that could potentially be used as primers for synthesis of the plus strand, leading to the
initiation of priming from multiple points as has been observed for other retroviruses. For HIV, the central
and 3′ polypurine tracts (PPTs) are the major sites of plus strand initiation. Using reconstituted in vitro assays,
results showed that NC greatly reduced the efﬁciency of extension of non-PPT RNA primers, but not PPT.
Experiments mimicking HIV replication showed that RT generated and used both PPT and non-PPT RNAs to
initiate “plus strand” synthesis, but non-PPT usage was strongly inhibited by NC. The results support a role
for NC in specifying primer usage during plus strand synthesis.
© 2008 Elsevier Inc. All rights reserved.Introduction
Human immunodeﬁciency virus (HIV)-1 is a retrovirus with two
copies of ∼9.3 kb positive sense single stranded genomic RNA.
Replication in HIV-1 involves copying of the RNA into double stranded
DNA. The ﬁrst strand to be synthesized is the minus sense DNA strand.
Initiation of this strand occurs using a host tRNA as primer (tRNALys3).
Reverse transcriptase (RT), the replicative enzyme of HIV, initiates DNA
synthesis ∼182 nucleotides downstream of the 5′ end of the RNA
genome at the primer binding site (PBS) where the 3′ end of the tRNA
binds. Both the polymerization and RNase H activities of RT are used
during reverse transcription. RT copies the genome up to the 5′ end
(giving rise to theminus sense strong stop DNA (−sssDNA)) and then the
complex jumps to a complementary region at the 3′ end of the genome
and the synthesis of theminus strandDNA continueswith simultaneous
degradation of the template RNA. Initiation of the plus strand occurs at a
site called the polypurine tract (PPT, 5′-AAAAGAAAAGGGGGG) which is
a part of theRNAgenomeand is not degradedby RTduringminus strand
synthesis (Cofﬁn et al.,1997). There are two sites of plus strand initiation
in the viral genome. Theﬁrst is the 3′ PPT found immediately adjacent to
the U3 region of the viral genome and the second is found in the
integrase coding region of the pol fragment and is called the central PPT
(Charneau et al., 1992; Charneau and Clavel, 1991; Rausch and Le Grice,
2004). The speciﬁc and predominant use of the PPT byHIV is remarkablel rights reserved.given that the two PPT regions constitute of only ∼0.3% of the entire
genome and RT is capable of using non-PPT RNAs as primers (Klarmann
et al.,1997; Powell and Levin,1996). After initiation at the 3′ PPT, theplus
strand is elongated until a portion of the tRNA is copied giving rise to the
plus sense strong stop DNA (+sssDNA). Completion of plus strand
synthesis requires another strand jump by the +sssDNA to the 3′ end of
the newly formed minus strand DNA. The completed double stranded
DNA includes long terminal repeats (LTRs) that are used during
integration into the host genome.
Though RT degrades the template during minus strand synthesis,
the size of fragments generated varies with some being long enough
to remain bound to the nascent minus strand DNA (DeStefano et al.,
1994). Any of these fragments could potentially be used to prime plus
strand synthesis. Retroviruses, including HIV, have been shown to use
primers other than the PPT to initiate plus strand synthesis (Klarmann
et al., 1997; Miller et al., 1995). In cases like avian sarcoma virus (ASV),
multiple sites for plus strand initiation have been reported with the
completed plus strand containing numerous discontinuities (Kung
et al., 1981). Although the extent of non-PPT primer usage in HIV is
believed to be relatively low, the PPT is not absolutely required for
replication as HIV can replicate without a PPT sequence, albeit very
inefﬁciently (Miles et al., 2005).
Reverse transcriptase extends DNA primers more efﬁciently than
RNA primers. Even the PPT, though highly efﬁcient in comparison to
other RNAs, is relatively poor as PPT DNA is a better primer (Fuentes
et al., 1995). On DNA primers, RT binds with its polymerase domain
oriented toward the primer 3′ end which facilitates nucleotide
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orientation that promotes RNase H cleavage rather than extension.
However, some binding near the 3′ end must occur since RNAs can be
inefﬁciently extended (DeStefano, 1995b; DeStefano et al., 2001;
DeStefano et al., 1993; Klarmann et al., 1997; Palaniappan et al., 1998;
Powell and Levin, 1996; Schultz et al., 2006). Factors that promote
extension (i.e. sequence preference, structure, nucleotide length) of
non-PPT RNAs are as yet unclear although studies with the PPT
suggest that structure and sequence may be important (see below).
The base sequence of the PPT is conserved within groups of
lentiviruses (Rausch and Le Grice, 2004). Altering the ﬂanking regions
or genomic location of the PPT does not change the efﬁciency of PPT
priming (Powell and Levin, 1996), indicating the signiﬁcance of the
base sequence in priming. Structural studies have shown that RT and
the PPT interact very closely. Mutations in RT have been shown to
affect the speciﬁc cleavages that generate the PPT (Rausch and Le
Grice, 2004). The RNA:DNA hybrid of the PPT with minus strand DNA
assumes a structure different from regular DNA:DNA hybrids. The PPT
and the newly formed negative DNA strand form a helical arrange-
ment between the A and the B forms (Hung et al., 1994; Powell and
Levin, 1996). Also, a 13° bend has been observed at the 3′ PPT and U3
junction which deviates from Watson–Crick geometry (Kvaratskhelia
et al., 2002; Rausch and Le Grice, 2004). It has been suggested that this
may contribute to the resistance that PPT displays towards cleavage
and the speciﬁcity of cleavage at the PPT/U3 junction (Kvaratskhelia
et al., 2002). It has also been proposed that the unique curvature of the
PPT-DNA hybrid could aid RT binding (Kvaratskhelia et al., 2002).
Crystal structures show that when bound to RT, a 45° bend is observed
in the primer-template (Jacobo-Molina et al., 1993; Saraﬁanos et al.,
2001). The PPT structure could help RT bind more tightly if the
induced curvature favored a better ﬁt to the active site. This may also
be the case for DNA–DNA hybrids as HIV-RT shows strong preferential
binding to DNA oligonucleotides with sequences similar to the PPT
(DeStefano and Cristofaro, 2006).
The nucleocapsid protein (NC) of HIV is a small, highly basic protein
containing 55 amino acids. It is has two 14 amino acid zinc ﬁngers
containing identical CCHC motifs for metal binding. During viral
replication, mature NC is generated by the proteolytic cleavage of the
Gag precursor. It has been shown to participate in several processes in
the viral life cycle including packaging (Amarasinghe et al., 2000a;
Amarasinghe et al., 2000b; De Guzman et al., 1998a; De Guzman et al.,Fig. 1. List of primers used with their corresponding templates. The position of each prime
hybrids was calculated using “MELTING” program (Le Novere, 2001) and is shown.1998b; Rein et al., 1994; Tanchou et al., 1998), dimerization of genomic
RNAs (Baba et al., 2003; Feng et al., 1996; Laughrea et al., 2001; Shehu-
Xhilaga et al., 2001), tRNA binding (as part of the Gag precursor) (Brule
et al., 2002; Cen et al., 1999; Feng et al., 1999; Khan and Giedroc, 1992;
Rong et al., 1998), strand transfer (Allain et al., 1994; DeStefano, 1995a;
DeStefano,1996; Guo et al.,1997; Guo et al., 2000; Johnson et al., 2000;
Raja and DeStefano, 1999; Rodriguez-Rodriguez et al., 1995; You and
McHenry, 1994), stimulating and modulating RNase H activity of RT
(Chen et al., 2003;Wisniewski et al., 2002), integration (Buckmanet al.,
2003; Carteau et al., 1997; Carteau et al., 1999; Lapadat-Tapolsky et al.,
1993) and RT-directed DNA synthesis (Ji et al., 1996; Ramboarina et al.,
2004). As a nucleic acid chaperone protein, NC facilitates the
rearrangement of nucleic acid molecules into thermodynamically
more favorable structures and possesses both helix-destabilizing and
nucleic acid aggregation (Anthony andDestefano, 2007; Drummond et
al., 1997; Le Cam et al., 1998; Lener et al., 1998; Stoylov et al., 1997;
Tanchou et al.,1995a) activities (for a review see Levin et al., 2005). The
former, in addition to helping RT traverse the genome by melting
secondary structures, may also facilitate the removal of RNA fragments
that remain bound to the nascent minus sense DNA. This could be a
mechanism to prevent spurious RNA priming.
Results presented here show that in addition to helping dissociate
small RNA fragments, NC also directly inhibits RTextension of non-PPT
RNAs while having no effect on PPT usage. Therefore, NC may play an
important role in specifying the use of the PPT regions for second
strand priming in HIV.
Results
NC inhibits priming with non-PPT RNA primers by HIV-1 RT
To study the effect of NC on priming by various RNA fragments,
we used the primers and their corresponding templates as listed in
Fig. 1. The primers were hybridized to 55 nt long templates such that
both ends would be recessed and the product of complete extension
would be 35 nts long for all the primers except U20 which would
produce a 40 nt product (see Fig. 1). For HIV derived primers (PPT,
GP18, PPT3′G/C), the 55 nt templates were sequences from the
corresponding regions of the HIV genome (pNL4-3). The other primers
(U15 and U20) were based on sequences from plasmid pBSM13+
(Stratagene). The melting temperature (Tm) for the hybrids formedr on its template after hybridization is shown in bold. Melting temperatures for these
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determined using the “MELTING” program (Le Novere, 2001). All the
primers had higher melting temperatures than the PPT, although
PPT3′G/C was comparable.
Extension of the PPT was compared to several RNA primers in
Fig. 2. For the reactions, 5′ end labeled primers were hybridized and
allowed to undergo extension with RT in the presence or absence of
NC (2 μM ﬁnal) for increasing amounts of time. For all primers,
extension with Klenow polymerase (which extends both RNA and
DNA primers), and RNase H cleavage (using HIV-RT in the absence of
dNTPs) were used to assess the proportion of primers bound to the
template. Reactions were stopped with 10 mM EDTA and the products
were run on a 12% denaturing gel after proteinase K treatment (see
Materials and methods). Any cleavage or extension products that
retain the 5′ end of the RNA can be detected by this approach. The PPT
was extended but not cleaved in the reaction that included RT and
dNTPs (Fig. 2A). Levels of full-length extension products remained
essentially constant from 1 to 20 min. Approximately 70–75% of theFig. 2. Nucleocapsid protein inhibits non-PPT RNA primer extension by HIV-RT. Six different
NC (as indicated) for increasing amounts of time (1, 10 and 20 min). The ﬁgure shows the im
reactions (panel A), an inset gel showing the G-quartets (G-Quart) that migrate above the f
times. Migration positions (marked by primer size in nts) of full-length primers are indicated
control with no RT or NC; lane 2, full extension control (incubation with RT E478Q for 20 mi
absence of NC and dNTPs, see Fig. 5C for an RNase H control for U15).total extendable PPT primer (as determined by Klenow extension) was
extended in the presence or absence of NC. Some cleavage was
observed during prolonged incubation with RT in the absence of
dNTPs (Fig. 2A, lane 3). Inclusion of NC did not signiﬁcantly affect the
level of extension over time. For the PPT primer, a portion of the
primer typically ran above the fully extendedmaterial, consistent with
G-quartet formation for this primer (see Fig. 2A left panel) (Fuentes
et al., 1995). This was unique to the PPT primer. The level of G-quartets
was unaffected by NC and did not vary with time. Quartet formation
could result in a lower proportion of templates being primed in PPT
reactions. However, it is unlikely to inﬂuence how NC affects the
reaction and these results showing that NC does not inﬂuence PPT
extension, are consistent with those presented later (see Fig. 8).
One of the other RNAs tested was an 18-mer derived from the
frameshift region of the gag-pol sequence of the HIV-1 genome
(Fig. 2D, GP18). This primer was chosen because it represents an RNA
that could potentially be produced during stalling at a strong pause
site in the frameshift region (Derebail and Destefano, 2004). Asprimers (Panels A–F and see Fig. 1) were extended by RT in the presence and absence of
ages developed after running the samples on a 12% denaturing PAGE gel. For the PPT
ully extended products are shown (see Results). All reactions were repeated 2 or more
in each panel as are positions of fully extended and degradation products. Lane 1, primer
n in the absence of NC); lane 3, RNase H control (20 min incubation with HIV-RT in the
Fig. 3. Autoradiogram of primer extension by RT using internal labeling. Three primer-
templates, PPT, U15 and U20 were used as indicated (see Fig. 1). Lane 1, primer control
using 5′ labeled primer. Klenow (Kle) reactions were in the absence of NC. RT extensions
were − or +NC as indicated. Half of each sample was treated with RNases A and T1 (+)
while the other half was not (−). Positions of intact primers are indicated by the primer
size in nts and the position of fully extended products is indicated. The experiment was
repeated twice to conﬁrm results.
Fig. 4. NC causes dissociation of cleavage products but not uncleaved primers. 5′ end
labeled primer GP18 bound to 55 nt template (see Fig.1) was incubated with NC at 37 °C
for increasing amounts of time (1, 2, 4, 6, 8, 10, and 20 min as indicated). HIV-RT was
then added and incubationwas continued for 1min. Lane A is primer control without RT
or NC. The −NC lane is a cleavage reaction with RT but without NC for 1 min. The
position of uncut primer (GP18) and the major cleavage products (1⁎ and 2⁎ are the
primary and secondary cleavage products, respectively) are designated. The assay was
repeated to conﬁrm results.
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observed (Fig. 2D, 20 min time point, 17% and 2% extension products
and 83% and 98% cleavage products for − and +NC, respectively). In the
presence of NC, the extension of this primer was strongly inhibited by
approximately 90% at the longest time point. The selective inhibition
of GP18 relative to the PPT was not length dependent as extension of a
random unrelated 15-mer (U15, Fig. 2C) and a 20-mer which was
identical to the 15-mer at the 3′ end but included 5 additional 5′ nts
(U20, Fig. 2E), were also inhibited by NC (N95% inhibition of extension
for both U15 and U20). The patterns were similar to those observed
with GP18, especially for U20. For U15, the level of extension products
was lower with less than 3% extended (of total cleavage and extension
products) even in the absence of NC. Since the predicted Tms of the
non-PPT primers were considerably higher than the PPT (Fig. 1), an
additional control using a primer with a similar Tm was performed.
Primer PPT3′G/C was similar to the PPT except 3 of the 6 G residues
were replaced by Cs at the 3′ end, thus maintaining the G/C content.
This primer was cleaved by RT but no extension products were
observed even in the absence of NC (Fig. 2B), although RNase H minus
HIV-RT (E478Q) did extend it (see below). In contrast to these results,
a DNA version of the GP18 primer was efﬁciently extended by RT and
unaffected by NC (Fig. 2F). These results show clearly that NC inhibits
the extension of non-PPT RNA primers by RT.
Nucleocapsid protein is known to induce aggregation of nucleic
acids under conditions similar to those employed in these experi-
ments (Anthony and Destefano, 2007). Since this could potentially
inﬂuence the results, NC's ability to aggregate the primer-templates
(labeled template strand) was tested by centrifugation after pre-
incubation with NC as described (Anthony and Destefano, 2007). A
low level of aggregation (∼20% of substrate pelleted when NC was
added) was detected but the vast majority of the substrate (80–90%)
remained in the supernatant fraction (data not shown). The low
aggregate formation in these experiments may be due to the nature
and amount of nucleic acid used here in comparison to the previous
work. In this work 6 nM of a 55 nt DNA template was used while
∼16 nM of RNA templates that were ∼1500–4000 nts were used in the
previous work.Internal labeling experiments indicate that all non-PPT RNA priming
events are inhibited by NC
Since the primers in the above experiments were 5′ end labeled,
only those products that retained the 5′ end of the RNAwere detected.
It is possible that some products were extended from RNA cleavage
fragments derived from the 3′ end of the primeror the labeledRNAwas
cleaved after RT DNA extension. Whether RT extension of these is
inhibited byNC cannot be assessed using 5′ end labeling. To determine
if NC affected RT extension of these products, the next set of
experiments were carried out using α-32P dATP in order to internally
label the products (see Materials and methods). Three RNA primers
(PPT, U15 and U20) were extended for 20 min with RT on their
respective templates in the reactions. Half of each sample was treated
with RNase A and T1 to remove any RNA from the primer still attached
to the product. The length of the DNA portion of the products in turn
would help us detect where priming actually began after cleavage. A
Klenow control was used in each case to detect full extension of the
uncleaved RNA. Klenow can add dNTPs to the 3′ RNA terminus to
produce fully extended products. Complete cleavage by the RNases
would then remove theRNA leavingonly theDNAnts (andperhaps 1–2
RNA nts) that were added to the primer. For all primers, 20 nts should
be added to produce full-length products if extension occurred directly
from the 3′ end of the intact primer. For PPTextensionwith RT, the full-
length products observed in Fig. 2A were also seen, but in addition,
some smaller products, a few nucleotides longer than the primer, were
also observed (Fig. 3A). These were probably DNAs produced by RT
extension followed by excision of the PPT primer. No change in the PPT
reactionswas observedwithNC.WithU15 in the absence of NC, several
extension products were observed, most of which were digested by
RNases down to a single major product of ∼22 nts and other slightly
longer and shorter products. The 22 nt product was 2 nts longer than
the Klenowdigest. This suggests thatmany of the DNAs produced from
U15were derived from a 13 nt RNA that had 2 nts removed from the 3′
end prior to extension. The smaller extension products observed
without RNase digestion probably resulted from cleavage at different
positions after extension by RT. Unlike the PPT reactions, there was a
strong inhibition of all extension in reactions with NC. With U20, the
major extension product observed without NCwas ∼31 nts along with
a smaller amount of fully extended product. Only the fully extended
materialwas observed in the 5′ end-labeling experiments (Fig. 2E). The
full length, but not the 31-mer disappeared after RNase treatment. Our
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extended the 5′ derived cleavageproductwhichwas∼9 nts long. Some
of the products then had the 9 nts of RNA removed by RT RNase H
activity. However, the possibility that these are intermediate extension
products thatwere not evident in the 5′ end label experiments because
they did not retain the 5′ label, cannot be ruled out. Like U15, NC
strongly inhibited all extension in the reactions. These results indicate
that the inhibition observed with NC is universal in the sense that all
priming events occurring during extension of non-PPT primers are
inhibited by NC.
The most obvious reason for such an inhibition pattern would be
the helix-destabilizing activity of NC (see Introduction) causing
dissociation of short hybrids. An alternative explanation is that NC, a
nucleic acid binding protein, directly blocks the binding of RT to the
RNA 3′ terminus thus impeding extension. This is especially possibleFig. 5. NC inhibits extension of full-length non-PPT RNAs. Six different primers (see Fig. 1)
Lengths of the primers are marked in the image. Reactions were carried out in the presence a
ﬁgure shows the image developed after running the samples on a 12% denaturing PAGE ge
(reactionwithout E478Q or NC). Lane 2 is a full extension control where the hybrid was exten
reaction was carried out for 20 min in the absence of NC and dNTPs.since RT binds poorly to RNA primers in the orientation that allows
extension (DeStefano, 1995b; DeStefano et al., 2001; DeStefano et al.,
1993; Palaniappan et al., 1998). To study which of these properties of
NC plays a role in the inhibition of non-PPT primers, the experiments
below were performed.
NC does not dissociate intact RNA primers from the template but can
destabilize smaller fragments attached to the template after RT cleavage
To see if the helix-destabilizing activity of NC plays a role in the
selective extension of PPT, a time course assay with NC and GP18 was
performed. Here, the primer-template hybrid was incubated for
increasing amounts of time with NC before adding RT in the absence
of dNTPs to detect cleavage. A decrease in cleavage would show that
the primer was no longer associated with the template indicating thatwere extended by E478Q (RNase H minus HIV-RT) in the presence and absence of NC.
nd absence of NC as indicated for increasing amounts of time (1, 5, 10, and 20 min). The
l. All reactions were repeated 2 or more times. Lane 1 for each set is a primer control
ded by 1 U of Klenow for 20min in the absence of NC. Lane 3 is an RNase H control where
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from the template. In all reactions when RT was added, a cleavage
product at ∼10 nts was present and no decrease in the level of
cleavage of the 18-mer over the course of the incubation periods (1 to
20 min) was observed (Fig. 4). However, after cleavage with RT, in the
−NC control reaction two fragments, the smaller of which (∼5 nts) was
only faintly visible in the lanes with NC, were observed. We also tested
U15 and obtained similar results (data not shown). This would suggest
that once the primer was cut, NC caused its dissociation from the
template preventing further degradation by RNase H while in the
absence of NC some cleavage products remained bound to the
template and were cleaved a second time. This has also been observed
previously (Wisniewski et al., 2000). In addition, this pattern is also
observed in Fig. 2 with primers GP18 and U15, where smaller,
presumably secondary cleavage products are inhibited in the presence
of NC. Taken together, these results imply that NC does not cause
dissociation of longer primers, but once the primers are cut by RT, the
resulting smaller fragments may be dissociated by NC's unwinding
activity and this could be one mechanism for inhibiting priming by
non-PPT RNA oligonucleotides that are more prone to cleavage by RT
than PPT.
NC inhibits priming by directly preventing extension from the 3′ RNA
terminus
To study if NC could cause inhibition of non-PPT primers in the
absence of cleavage and subsequent dissociation, extension with an
RNase H deﬁcient mutant of RT (E478Q) was performed. This mutant
with a glutamate to glutamine substitution at position 478 has earlierFig. 6. Graphs of RNA primer extension in the presence of NCmutants show that mutants tha
and C showextension of PPT, U15 and GP18 primer-templates (see Fig.1), respectively. Extens
Plots show imager units (counts×mm2) vs. time. (D) Plot of binding of the different NC mut
primer-template. The plot shows the relative amount of total material in the reaction that b
repeated at least once and representative graphs are shown.been found to have polymerase activity similar to wild type (Schatz
et al., 1989). If helix destabilizationwas the only mode of inhibition by
NC, extension levels with E478Q in the presence and absence of NC
would remain the same, since the primer would not be cut into
smaller fragments that could then be dissociated by NC. Reaction
conditions were identical to those in the extension assay with wild
type RT. Results showed that NC potently inhibited RNA extension by
E478Q for all the non-PPT RNA primers tested (Fig. 5). As expected, no
cleavage was observed. Therefore all extension products could be
observed as the 5′ label would still be attached. Also, as none of the
primers are degraded by the enzyme, more extension was observed
compared to wild type (see Fig. 2). Extension of PPT by E478Q was
unaffected by the presence of NC just as it was with wild type RT,
while ∼90% inhibition of extension was seen in the case of non-PPT
RNA primers. The DNA primer used (GP18DNA) remained relatively
unaffected by the presence of NC (Fig. 5F). These results suggest that
NC is able to inhibit RNA primers from being extended evenwhen they
remain hybridized to the template. RT's preferred binding mode to
RNA primers (other than PPT) strongly favors cleavage and the
polymerase domain orients near the 5′ end of the primer (DeStefano,
1995b; DeStefano et al., 2001; DeStefano et al., 1993; Palaniappan
et al., 1998). Binding in a mode that favors extension (i.e. polymerase
domain near the RNA 3′ end) is relatively weak. Therefore it is
conceivable that NC would compete with RT for binding to the 3′ ends
and thus block extension. Since the PPT is presumably designed to
bind RT with its polymerase domain at the 3′ end, it would be more
resistant to inhibition by NC. To further elucidate the role of com-
petitive binding by NC, experiments using a mutant of NC that was
deﬁcient in binding were performed.t bind nucleic acid less tightly show less inhibition of RNA primer extension. Panels A, B,
ionwas carried out in the presence of no NC, wild type (wt),1.1, or 2.2 NCs over 1–20min.
ants 1.1 (ﬁlled triangle), 2.2 (open triangles) and wild type (open circles) with the GP18
ound to a nitrocellulose disk vs. increasing concentrations of NC. All experiments were
Fig. 7. Schematic representation of protocol for detecting RNA primed 2nd strand
synthesis on a long RNA template in the presence and absence of NC. Refer to Materials
and methods for details. Top box: representation of the two 430 nt templates used in
the experiment (+ and −PPT) with 25 nt PPT region shown in gray. Nucleotide positions
of the template strand are indicated.
Fig. 8. NC inhibits priming by non-PPT RNA primers generated by RT during extension
on a long RNA template. Material isolated from the protocol described in Fig. 7 was run
on a 6% denaturing polyacrylamide gel as described in Materials and methods. In order
to visualize both large and small products and changes in product migration after RNase
treatment, samples were loaded twice with Load 1 loaded ﬁrst followed by electro-
phoresis and reloading of samples (Load 2). The + and −PPT templates are indicated.
Each template was extended in the presence and absence of NC as indicated. Half of
each sample was treated with RNases A and T1 as indicated. ϕX174 ladder (L) digested
with Hinf I was used as the molecular size marker with sizes of select bands indicated.
The position of 2nd strand DNAs initiated from the PPT primer (PPT) is indicated. The
assay was repeated twice to conﬁrm results.
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inhibition of RT RNA priming
Extension assays in the presence of NC mutants with varying
binding capacities were performed. Three different types of NC
proteins were used (two mutated proteins, 1.1 and 2.2 along with
wild type NC). In 1.1 NC there are two copies of zinc ﬁnger 1 with
ﬁnger 2 being replaced by ﬁnger 1, while zinc ﬁnger 1 is replaced by 2
in 2.2 NC (Gorelick et al., 1993). Binding of each NC was tested on the
GP18 primer-template hybrid using nitrocellulose ﬁlter binding
assays. Wild type NC bound slightly better than 1.1 while 2.2 bound
the substrate much more weakly (Fig. 6D, a similar result was
obtained with U15 primer-template (data not shown)). In extension
assays, elongation of the PPT remained fairly constant in the presence
of all three NCs (Fig. 6A), while inhibition of GP18 (Fig. 6C) extension
by 1.1 was comparable to wt, and 2.2 showed less inhibition. For
primer U15 (Fig. 6B), similar results were observed except that 2.2 was
even less effective as an inhibitor. The results indicate that NC proteins
that bind with higher afﬁnity to the substrate are better inhibitors of
RNA extension, consistent with the hypothesis that NC competes with
RT for binding to the primer 3′ terminus.
NC inhibits non-PPT RNA priming on a long RNA template
To study whether extendable primers are generated by RT during
reverse transcription, a 430 nt long RNA fragment derived from the gag-
pol frameshift region of the HIV-1 genome (1894–2323 of HIV pNL4-3
proviral insert) was used as a template (−PPT template in Fig. 7).
Extension over this template can potentially give rise to RNA fragmentsthat could be used for second strand priming. As a control, the central
region of this template was substituted with the 3′ PPT and the ﬁve
nucleotides ﬂanking each side (+PPT template in Fig. 7), to see if
incorporating this sequence would focus second strand priming to this
region. A 20 nt DNAwas used to prime synthesis over these templates.
Primer extensionwithwild type HIV-RTwas performed in the presence
of internal label. Fragments generated by the RNase H function of RT
could be used for priming over the newly made DNA strand. To detect
these “2nd strand” products a 75 nt oligonucleotide that was
biotinylated at the 5′ end was used. This oligonucleotide would be
complementary to any DNA products originating from RNA fragments
that were subsequently extended to the end of the ﬁrst strand DNA (see
Fig. 7). Material from the reactions was run on a denaturing gel and
products shorter than approximately 300 nts was excised and eluted,
then hybridized to excess biotinylated oligonucleotide. This was
followed by extension with Klenow. This served two purposes:
(1) extension of the biotinylated oligonucleotide using the 2nd strand
product as templatewould result in a longermore stable hybrid; (2) any
ﬁrst strand DNAs that remain associated with the 2nd strand products
would be dislocated by the strand-displacement activity of Klenow and
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was then passed through a streptavidin column to bind the biotin-
associated products and washed several times to eliminate non-speciﬁc
binding. Products were run on a 6% denaturing gel after half of each
sample was treated with RNases A and T1. Results showed products
with both the − and +PPT templates in the absence of NC (Fig. 8).
Products in −PPT reactions were more diffuse and greatly suppressed in
the presence of NC. RNase treatment caused a downward shift in most
bands in the −PPT reactions indicating that they had retained part of the
RNA primer from which they originated. With the +PPT template, the
proﬁle was dominated by a distinct band that migrated consistent with
priming from the location of the PPT. The intensity of this band did not
change even in thepresenceofNC. Thebandalsodidnot shift downward
after RNase treatment indicating that the PPT was removed subsequent
to its use as a primer. Some less intense bands that ran below the PPT
product were also observed in +PPT reactions. Some of these bands
showed small shifts after RNase treatment (see +PPT Load 1) although
the extent of shifting was less than observed with 2nd strand products
from the −PPT template. Curiously, these products were not inhibited
by NC. This experiment was also conducted using 1 mM MgCl2
(Supplementary Fig. 1), a condition that would lead to tighter NC
binding (Wu et al., 2007). The level of 2nd strand priming on the −PPT
template was lower and strongly inhibited by NC. Priming from the PPT
on the +PPT template was also modestly inhibited by NC. In contrast to
reaction at 6 mM MgCl2, smaller products on the +PPT template were
also inhibited in the presence of NC suggesting that tighter NC binding is
required to eliminate these 2nd strand priming events. Because these
products behave similar to PPT-derived products, one possibility is that
they were also generated from the PPT but were truncated or incom-
pletely extended.
Discussion
In this study we show for the ﬁrst time that the chaperone protein,
HIV NC, may play a role in the choice of RNA primers for 2nd strand
synthesis by HIV-RT. The effect of NC on priming was examined using
PPT and non-PPT primers. Conﬁrming earlier studies, RT was capable
of non-PPT RNA primer extension, albeit, poorly (see Introduction). As
expected, these primers were rapidly cleaved in reactions with wild
type RT (Fig. 2) and internal labeling experiments indicated that a
small portion of the intact primer (most evident for U15 (Fig. 3B)) or
cleavage products (most evident with U20 (Fig. 3C)) were extended by
RT. However, in the presence of NC, non-PPT priming was greatly
reduced while PPT priming was unaffected (Fig. 3). NC also had an
effect on the cleavage proﬁle but no obvious effect on the level of total
primer that was cleaved (see Results and Fig. 4). This inhibition was
also evident in a more dynamic reaction that tested priming over a
long RNA template (Fig. 8). The mechanisms used to inhibit priming
included increasing the rate of dissociation of RNA cleavage products
(see Results) and directly inhibiting extension from the 3′ terminus,
most likely by blocking binding.
It was clear from experiments using RNase H minus HIV-RT
(E478Q), that NC directly inhibited extension from the primer 3′ end
(Fig. 5). As stated in the Results, the most likely explanation of this is
direct competition for binding between RT and NC. The fact that 2.2
NC, which binds with lower afﬁnity than wild type or 1.1, was less
inhibitory supports this hypothesis. However, other differences
between these NCs cannot be excluded as potentially contributing to
the results. NC 2.2 has low helix-destabilizing activity compared to
wild type and 1.1 (Guo et al., 2002; Heath et al., 2003). Since
experimentswith these NCs were carried out with E478Q, dissociation
of cleavage products, which would likely be more prominent with
wild type and 1.1, would not have been a factor as NC was found to be
incapable of dissociating full-length primers (Fig. 4). Despite this, we
can not rule out the possibility that helix-destabilizing activity rather
than binding afﬁnity for nucleic acids played a role in the results,although it seems unlikely. Another potential possibility is that NC
inhibition is related to direct binding interactions between RT and NC
which have been reported (Tanchou et al., 1995b). It is possible that
the 3 different NCs used, associate differently with RT. Nevertheless,
competitive binding between RT and NC is the most reasonable
explanation of the data. The lack of potent inhibition by NCwith a DNA
primer could then be explained by RT's higher afﬁnity for the DNA 3′
end in contrast to low afﬁnity for RNA 3′ recessed termini (see
Results). We also tested other NC point mutants known to bind with
different afﬁnities to nucleic acid including I24Q, N27D, N17K, and
F16W (Narayanan et al., 2006). In general, the level of RNA primer
inhibition with these mutants was also consistent with binding
afﬁnity for the substrate (data not shown). Although all mutants that
bound more tightly inhibited RNA extension more prominently, these
results cannot unequivocally differentiate between direct binding
inhibition and inhibition related to helix-destabilizing activity. All
mutants with lower binding also show decreased helix-destabilizing
activity and it is unlikely that any mutation that lowers binding would
not affect destabilizing activity. Our efforts to prove direct binding
inhibition more directly by measuring Kd values of RT for RNA primers
in the presence and absence of NC were unsuccessful. Assays with the
RNA primed templates performed using an RT “trap” to sequester the
enzyme (E478Q) after a single round of binding and extension
produced no extension products even with high enzyme concentra-
tions. This may be due to an extremely high Kd such that it was not
feasible to add enough enzyme, and/or interference by the trap that
leads to dissociation of the enzyme before extension.
To create a system that would mimic viral replication more closely
than simple short primer-template based experiments, long RNA
templates were used. Results obtained support the idea that RNAs
generated during minus strand priming can be used for priming plus
strand synthesis (Fig. 8). This is in agreement with studies that show
that some retroviruses frequently use primers in addition to their PPT
for plus strand priming resulting in discontinuous double stranded
DNA prior to integration (see Introduction). Even HIV does this to
some extent as has been shown in both cell culture (Miller et al., 1995)
and cell free (Klarmann et al., 1997) systems. In our system, several
different RNA priming positions were observed over the 430 nt −PPT
template indicating that many RNAs can potentially be used to prime
2nd strand synthesis. It is notable that this represents just a fraction of
the total length of the HIV genome suggesting that in the absence of
NC, RNA priming would occur at numerous positions. RNA priming
occurred from discrete locations on the template indicating that some
sites were preferred over others. The general effect of NC was to
strongly decrease, but not completely inhibit the level of priming from
the speciﬁc locations. Possible reasons for preferred sites include: (1) a
PPT-like character that inhibits cleavage and/or attracts RT to the 3′
end; (2) a high G/C content that allows the cleavage product to
associate more strongly with the nascent DNA; and, (3) RT pausing in
the vicinity to facilitate cleavages that can generate such primers. We
plan to determine the sequence of the fragments used for priming on
this and other templates to help understand why they were used.
Although both helix-destabilizing and direct inhibition of extension
were implicated as factors in decreasing RNA priming, the extent to
which each of these contributed to the results shown in Fig. 8 cannot
be determined.
As noted above and in the Introduction, some retroviruses use
multiple priming sites for plus strand synthesis giving rise to
discontinuities in the plus strand that must be resolved before
proviral transcription. The extent to which a particular retrovirus uses
non-PPT primers for plus strand synthesis could depend on several
factors including: (a) the ability of the cognate RT to extend these
RNAs; (b) the size of fragments generated by RNase H cleavage during
ﬁrst strand synthesis (in this regard it is interesting that avian
myeloblastosis virus RT generates signiﬁcantly larger fragments than
HIV-RT during a single round of RT synthesis (DeStefano et al., 1994)
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strands); and, (c) differences in the level of inhibition of non-PPT RNA
priming by the different NC proteins. With regard to c and in contrast
to our ﬁndings, others have shown that Moloney murine leukemia
virus (MuLV) NC protein does not appear to enhance PPT utilization or
suppress extension from non-PPT primers (Kelleher and Champoux,
2000). This could be due to different chaperone properties on HIV and
MuLV NC (Egele et al., 2007; Williams et al., 2002).
Whether the PPT is critical for priming of plus strand synthesis in
HIV is unclear although it is clearly required for efﬁcient replication.
Others have reported that complete randomization of the HIV-1 PPT
still allows for minimal replication of the virus indicating that this
primer is not absolutely essential for the virus to survive and that the
virus is capable of initiating the plus strand from regions other than
the PPT (Miles et al., 2005). The randomized PPT, however, reverted
back to its original state within a few generations emphasizing the
preference of the virus for this sequence. Interestingly, a major defect
of HIV viruses with randomized PPT regions is at the level of
integration, highlighting the importance of the PPT for this process
(Miles et al., 2005). Thus it is difﬁcult to say conclusively if PPT
preference results from its necessity as a primer, its role in integration,
or in deﬁning the start of the 5′ LTR.
The biological signiﬁcance of HIV NC inhibiting non-PPT RNA
priming is yet to bedetermined. Especially since someother retroviruses
do not seem to strongly inhibit this process. The possibility that the
inhibition of non-PPT priming by NC has no biological signiﬁcance but is
simply a consequence of NC's properties cannot be dismissed. However,
one possible reason for the disparity among retroviruses could be
related to the differences in cell tropism, since any plus strand dis-
continuities must be resolved by the host cell machinery before
transcription. Variations in the level of the resolving activities in the
different cells could play a role in determining howwell discontinuities
are tolerated.
Materials and methods
Materials
The expression clone for wild type HIV-RT (strain HXB2) was
kindly provided by Dr. Samuel Wilson (NIEHS, Research Triangle Park,
NC). This enzyme (non-histidine tagged version) was puriﬁed as
described (Hou et al., 2004). The RNase H deﬁcient mutant of RT
(E478Q) was kindly provided by Dr. Stuart Le Grice (NCI, Frederick,
MD). The expression clone for wild type NCwas a gift from Dr. Charles
McHenry (University of Colorado) and was puriﬁed as described
(You and McHenry, 1993). All mutant NCs were kind gifts from Dr.
Robert Gorelick (NCI, Frederick, MD). Pfu polymerase used for PCRwas
from Strategene while the Phusion HF kit from New England Biolabs
was used to join the PCR fragments. The Rapid Ligation kit and DNA
Hinf I digested ϕX174 ladder were from Promega. Plasmid pNL4-3 was
from the NIH AIDS Research and Reference Reagent Program while
pBSΔPvuII (DeStefano et al., 1992) was derived from pBSM13+
(Strategene). All restriction enzymes and T4 polynucleotide kinase
were from New England Biolabs. Proteinase K was from Shelton
Scientiﬁc Inc., CT. NP-40 was obtained from Calbiochem, D-Biotin was
purchased from AnaSpec Inc., and streptavidin agarose was obtained
from Pierce. GC5 Escherichia coli competent cells from Gene Choice
were used for transformation. Plasmid preparation for sequencing
was carried out using the Qiagen Miniprep kit. Radiolabel was pur-
chased from Amersham and Perkin Elmer. Sephadex G-25 spin
columns were from ISC Bioexpress. Cellulose nitrate ﬁlter discs were
obtained from Whatman Inc. Non-radioactive nucleotides and SP6
RNA polymerase were from Roche Diagnostics. Immobilized strepta-
vidin slurry was from Pierce. All oligonucleotides were obtained from
Integrated DNA Technologies and all other reagents were from Fisher
and VWR.5′ end-labeling of primers
Fifty picomoles of primer were 5′ end labeled with γ-32P ATP using
T4 polynucleotide kinase following the manufacturer's protocol.
Unincorporated ATP was removed using G-25 sephadex spin columns.
Labeled primers were stored at −20 °C.
Hybridization of nucleic acids
Primers (5′ end labeled with 32P) and corresponding 55 nt
templates (see Fig. 1) were hybridized in 80 mM KCl, 1 mM DTT, and
50 mM Tris–HCl (pH=8.0) at a ratio of 1.5:1 (primer:template) in a
volume of 10–20 μl by heating to 80 °C for 3 min then slow cooling at a
rate of 2°/min to 30 °C. Hybridized material was used immediately in
assays. For assays with the 430 nt RNA template (see below) the ratio
of primer:template was 3:1. A greater primer:template ratio was used
for the longer RNA to ensure that nearly all the templates were
primed. A lower ratio was employed with the small templates since
hybridizationwould presumably be more efﬁcient and a vast excess of
labeled primer could hamper analysis of cleavage and extension
products.
Extension assay with 55 nt templates
Primer-template (6 nM ﬁnal in 55 nt template) was incubated in
the presence or absence of NC (2 μM ﬁnal) for 3 min at 37 °C in 50 mM
Tris–HCl (pH=8.0), 80 mM KCl, 6 mM MgCl2, 1 mM DTT, and 100 μM
dNTPs in a volume of 10.5 μl, unless speciﬁed otherwise. Reactions
were initiated by adding HIV-RT wild type or E478Q (2 μl, ∼200 nM
ﬁnal) and incubations were continued for 1–20 min as indicated. The
reaction was stopped with 8 μl of 25 mM EDTA (pH=8.0) and treated
with proteinase K for 1 h at 56 °C. Sample buffer (2X: 90% formamide,
10 mM EDTA, 0.25% each bromophenol blue and xylene cyanol) was
then added and the samples were electrophoresed on 12% denaturing
polyacrylamide gels (7 M urea, 19:1 acrylamide:bisacrylamide) as
described (Sambrook and Russell, 2001). Products were detected and
quantiﬁcation was performed using a BioRad model FX phosphoima-
ger. The same approach was used for internal labeling assays with the
exception of using α-32P dATP instead of the 5′ label. In those
reactions half of the material was treated with RNases A (0.25 μg) and
T1 (50 U) by incubating at 37 °C for 1 min, then increasing to 100 °C at
a rate of 3°/min, followed by 37 °C for 10 min. For internal labeling
experiments, excess nucleotides were removed using a G-25 sephadex
spin column before electrophoresis.
NC pre-incubation time course assay
Reactions were carried out essentially as described above with the
following changes: (1) pre-incubation timeswith NCwere varied from
1–20 min as indicated; (2) no dNTPs were included; (3) cleavage was
initiated by addition of RT and incubation was continued for 1 min
before termination with EDTA.
Filter binding assay
Filter binding assays were done to study the extent to which the
primer-template hybrid bound to nitrocellulose ﬁlter membranes in
the presence of various amounts of wild type or NC mutants. The
primer (GP18, see Fig. 1) was 5′ end labeled and hybridized to
template (1:1 primer:template) as described above. For each reaction,
6 nM prime-template was incubated with the appropriate dilution of
NC (0.0625–2 μM) in the presence of 50 mM Tris–HCl (pH=8.0), 1 mM
DTT, 6 mM MgCl2, and 80 mM KCl in a total volume of 10 μl at room
temperature for 5 min. The entire reaction was spotted onto nitro-
cellulose ﬁlter membrane discs (discs were presoaked for 15 min in
buffer containing 50 mM Tris–HCl (pH=8.0), 1 mM DTT, 6 mM MgCl2,
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vacuum 3 times with 1 ml of wash buffer containing 10 mM Tris–HCl
(pH=8.0) and 10 mM KCl. The ﬁlters were air dried and counted using
an LS-6500 Beckman Coulter Scintillation Counter. The fraction of
total substrate bound to the ﬁlter was calculated and plotted vs. [NC].
Generation of long RNA template
The 430 long RNA fragment without the PPT insert (−PPT) corre-
sponding to part of the gag-pol region of HIV-1, was generated from a
PCRDNA product derived frompNL4-3 plasmid using primers ﬂanking
the region (1894–2323 of HIV pNL4-3 proviral DNA). The primer
sequences are as follows: forward primer 1: 5′-GATTTAGGTGACACTA-
TAGCAAGTAACAAATCCAGCTAC-3′; reverse primer 1: 5′-AATAGAGCT-
TCCTTTAATTG-3′. The underlined nucleotides correspond to the SP6
promoter region. PCR reactions included 25 cycles of 94 °C for 1 min,
50 °C for 1 min, and 72 °C for 1 min, followed by 72 °C for 5 min. The
products were electrophoresed on 6% native polyacrylamide gels
prepared as described (Sambrook and Russell, 2001), located by UV-
shadowing and excised then eluted in 10mMTris–HCl (pH=8.0),1mM
EDTA (pH=8.0). Material was recovered by ethanol precipitation.
Approximately 1/3rd of the material was used in an in vitro tran-
scription reaction using SP6 RNA polymerase from Roche Diagnostics
according to the manufacturer's protocol. This material was quantiﬁed
using UV spectroscopy.
In the +PPT template, the PPTand 5 ﬂanking bases on each side (total
of 25bases)were used to replace 25 nts (bases 2093–2117) in themiddle
of the above region of pNL4-3 by carrying out two sets of PCRs such that
the PPT and ﬂanking regions would be overlapping in each set. The
followingprimerswere used to create these fragments in addition to the
primers listed above. The PPTand ﬂanking region are italicized: forward
primer 2 (5′-TTTTTAAAAGAAAAGGGGGGACTGGAAGGCCAGGG-3′) was
used with reverse primer 1 (listed above); reverse primer 2 (5′-CCAG-
TCCCCCCTTTTCTTTTAAAAACGTAAAAAATTAGCCTGAC-3′) was used with
forward primer 1 (listed above). PCR products were gel puriﬁed and the
two fragments were joined using the Phusion HF kit from New England
Biolabs and were cloned into pBSΔPvuII vector cut with Hinc II. GC5
competent cells were then transformed using this vector and grown on
LB agar plates with 50 μg/ml carbenicillin. Colonies were picked and
plasmid extractedusing aQiagenMiniprepKit. A colonywith the correct
sequencewasexpandedusing aQiagenMidiprepKit. RNAwasproduced
from PCR DNA as described above for the −PPT template using forward
primer 1 and reverse primer 1.
Extension over the long RNA fragment and analysis of 2nd strand priming
Reactionswere carriedoutusingprimer-template (10nMﬁnal of 430
nt template) thatwaspre-hybridized (3:1primer:template) asdescribed
above. Reactions (125 μl ﬁnal volume) contained 50 mM Tris–HCl
(pH=8.0), 80 mM KCl, 1 mM DTT, 6 mMMgCl2, and 100 μM dCTP, dGTP,
and dTTP, and 10 μM radiolabeled α-32P dATP (0.02 Ci/mmol) in the
presence and absence of NC (2 μM). Reactions were initiated by adding
wild type HIV-RT (ﬁnal concentration 200 nM) and continued for 1 h at
37 °C. The RNA fragments generated during DNA synthesis by RNase H
cleavage of the template could potentially be used to make a new 2nd
strand using the newly made DNA strand as template, (mimicking the
generation of the plus strand or 2nd strand during viral replication).
Reactions were terminated and digested with proteinase K as described
above. This was followed by phenol-chloroform extraction and ethanol
precipitation. The samples were then run a short distance on a 6%
denaturing PAGE gel and products ∼50–320 nts were excised and
recovered by overnight elution as described above. This was done to
remove the full-length DNA strands made using the RNA as a template,
as this product could interfere with subsequent steps. The recovered
products were hybridized with a biotinylated primer complementary to
the 3′ end of the original RNA template (5′-Biotin-AATAGAGCTTCCT-TTAATTGCCCCCCTATCTTTATTGTGACGAGGGGTCGCTGCCAAAGAGT-
GATCTGAGGGAAG-3′). Hybridizations used 5 pmol of the biotinylated
primer and an equal amount of total radioactive counts from the − and
+NC samples in 55 μl of 50mMTris–HCl (pH=8.0),1mMDTT, 80mMKCl
as described above. The hybrid was then extended at 37 °C for 10 min
with 1 U of Klenow by adding dNTPs (100 μM) and MgCl2 (6 mM ﬁnal).
This step was performed to remove any 1st strand DNA that remained
hybridized to the 2nd strand products using Klenow's strand-displace-
ment activity. The samples were then mixed with 35 μl of streptavidin
agarose and that had beenpre-treatedwith the following steps (Wilson,
1998): (i) 10×1 ml washes using Buffer A (1 M NaCl, 20 mM Tris–HCl
(pH=7.3), 5 mMEDTA (pH=8.0), 0.1% NP-40); (ii) incubate with shaking
for 30 m at room temperature with 2 μg tRNA. After sample addition,
material was incubated at room temperature for 30 min with shaking
and the following washes were performed: (i) 3×1 ml washes with
Buffer A; (ii) 6×0.7 ml washes with Buffer B (20mM Tris–HCl (pH=7.3),
0.5mMEDTA (pH=8.0), 0.1%NP-40); (iii) 6×0.7mlwasheswith Buffer C
(4MUrea,10mMTris–HCl (pH=7.3),1mMEDTA (pH=8.0), 0.1%NP-40);
(iv) 6×0.7 ml washes with Buffer D (20 mM Tris–HCl (pH=7.3), 0.5 mM
EDTA (pH=8.0)). Bound material was eluted in 80 μl of 2.5 mM biotin
solution (2.5mMBiotin,1 mMEDTA (pH=8.0)) after incubation at 94 °C
for 4min.Half of each samplewas treatedwithRNasesA (0.25 μg) andT1
(50U) by incubating at 37 °C for 1min, then increasing to 100 °C at a rate
of 3°/min, followed by 37 °C for 10 min. Sample buffer (2×) was added
and material was run on a 6% denaturing PAGE gel until the xylene
cyanol approached the bottom of the gel. A second aliquot of the same
sample was then loaded and electrophoresis was continued until the
bromophenol blue dye approached the bottom of the gel. This double
loadingwas performed so that the band shifting due to RNase treatment
could be observed for both small and large products. Dried gels were
visualized using a Kodak phosphor imaging screen and a BioRad FX
imager.
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